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Probabilistic Quantum Encoder for Single-Photon Qubits
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(Dated: October 29, 2018)
We describe an experiment in which a physical qubit represented by the polarization state of
a single-photon was probabilistically encoded in the logical state of two photons. The experiment
relied on linear optics, post-selection, and three-photon interference effects produced by a parametric
down-conversion photon pair and a weak coherent state. An interesting consequence of the encoding
operation was the ability to observe entangled three-photon Greenberger-Horne-Zeilinger states.
PACS numbers: 03.67.Lx, 42.50.Dv, 42.65.Lm
One method for protecting quantum information from
the effects of noise is the use of redundancy [1]. Quantum
error correction codes [2] are based on the encoding of
a single logical qubit in the quantum states of multiple
physical qubits. A simple example of such an encoding
is the transformation:
α|0〉+ β|1〉 → α|00...0〉+ β|11...1〉 (1)
Although full-scale quantum computers will require more
complex encoding involving large numbers of physical
qubits, small-scale quantum devices may still benefit
from simple encoding operations involving a relatively
small number of physical qubits. In this paper, we de-
scribe a proof-of-principle experiment in which a single-
photon qubit was encoded into a logical state consisting
of two photons, as in Eq. (1). Operations of this kind
are expected to have applications in linear optics quan-
tum computing [3] and quantum communications [4].
An overview of the quantum encoding device consid-
ered here is shown in Fig.1. We originally proposed this
encoder as part of a probabilistic controlled-NOT gate,
and the complete theory of its operation can be found
in reference [5]. To briefly review, the qubits are repre-
sented by the polarization states of single photons, with
horizontal and vertical polarization states corresponding
to the qubit values |0〉 and |1〉. As shown in Fig. 1, the
encoder consists primarily of a polarizing beam splitter
and a resource pair of entangled photons in the Bell state
|φ+〉 = 1√
2
(|00〉+|11〉). Consequently, a demonstration of
the quantum encoder was essentially a three-photon in-
terference experiment, and the experimental techniques
used here were closely related to those used in the demon-
stration of quantum teleportation [8] as well as, for ex-
ample, recent work towards quantum repeaters [9, 10].
For the quantum encoder shown in Fig. 1, the input
qubit (eg. a single photon in a general polarization state
α|0〉 + β|1〉) and one member of the entangled resource
pair are mixed at the polarizing beam splitter. In the
idealized case, the eventual detection of exactly one pho-
ton by the gating detector signals the fact that the two
remaining photons are exiting the device. Because the
beam splitter transmits horizontally polarized photons
and reflects vertically polarized photons, it can be shown
that the output state is of the form [5]:
|ψ〉out = 1√
2
(α|000〉+ β|111〉) + 1√
2
|ψ⊥〉 (2)
where |ψ⊥〉 represents a normalized combination of am-
plitudes that are orthogonal to the condition of finding
exactly one photon in the gating detector mode. The en-
coding is completed by accepting the output only when
the gating detector measures exactly one photon in a po-
larization basis rotated by 45o from the computational
basis, and utilizing feed-forward control techniques [6]
to compensate for any resulting phase shifts in the out-
put modes [5]. Under these circumstances, which occur
with a probability of 1
2
, the device realizes the encoding
α|0〉+ β|1〉 → α|00〉+ β|11〉.
Our experimental demonstration of this quantum en-
coding operation suffered from several significant limita-
tions compared to the idealized version shown in Fig. 1.
First, the idealized encoder requires an “on-demand” (or
at least heralded) resource pair of entangled photons (see,
for example, [11] and references therein), whereas our
experiment only utilized a random source of entangled
pairs produced by parametric down-conversion. Second,
our experiment utilized a gating detector with a limited
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FIG. 1: Overview of a probabilistic quantum encoding de-
vice [5] in which a polarization-based single-photon input
qubit is encoded in the logical state of two output photons:
α|0〉 + β|1〉 → α|00〉 + β|11〉. Under idealized conditions, the
probability of success of the encoding operation is 1
2
.
2quantum efficiency, and no ability to distinguish the pres-
ence of one versus two photons in the gating mode [12].
Due to these limitations, the operation of the quantum
encoder could only be observed in the so-called “coinci-
dence basis”, in which events were only accepted when
the gating detector, as well as additional detectors placed
in each of the two device output modes, simultaneously
fired. This post-selected mode of operation helped to
screen out amplitudes associated with |ψ⊥〉, as well as
overcome the technical problem of photon loss in the ap-
paratus.
An outline of the experimental apparatus [13] is shown
in Fig. 2. It can essentially be thought of as a
polarization-based multi-photon interferometer allowing
three-photon interference effects among two photons of
a parametric down-conversion pair, and a single-photon
post-selected from a weak coherent state [14, 15]. The
fidelity of the quantum encoding operation was directly
related to the visibility of these three-photon interfer-
ence effects. High visibility was primarily achieved by us-
ing single-mode fibers to enhance spatial mode-matching
of the three separate beams, and pulsed-pump down-
conversion with narrowband spectral filters to enhance
the temporal overlap of the interfering three-photon am-
plitudes [16].
The entire experiment was driven by a mode-locked Ti-
Sapphire laser providing short pulses (∼150fs, 780nm)
at a repetition rate of 76MHz. As shown in Fig. 2,
the entangled resource pair of photons was derived from
a parametric down-conversion source pumped by fre-
quency doubled (x2, 390nm) laser pulses, while the input
qubit photon was provided by weak coherent state pulses
picked off from the original laser beam and attenuated to
the single-photon level.
The down-conversion crystal (BBO, 0.7mm thick) was
optimized for type-I non-collinear down-conversion, pro-
ducing pairs of horizontally polarized photons at 780nm.
Half-wave plates (λ2 and λ3) were used to rotate the
polarizations of these photons to 45o, and the photons
were subsequently coupled into the single-mode fiber in-
put ports (labelled 2 and 3) of polarizing beam splitter
PBS-1. A delay unit formed by translating glass wedges
was adjusted so that the down-converted photons arrived
at PBS-1 well within their coherence times [17]. For a
given input pair, there was a 50% chance that one pho-
ton would exit each port of PBS-1, in which case the
resource Bell state |φ+〉 = 1√
2
(|00〉+ |11〉) was produced.
Those cases in which both photons of a down-conversion
pair exited the same port of PBS-1 would not contribute
to the coincidence-basis three-photon events of interest,
aside from a small noise term which will be described be-
low. This method of post-selecting the resource Bell-state
|φ+〉 was equivalent to the technique used in the original
Shih-Alley Bell’s inequalities tests [18]. The fidelity of
the post-selected two-photon Bell states produced and
measured in our setup was typically about 97%.
The input qubit photon was coupled into one fiber in-
put port (labelled 1) of PBS-2, which was analogous to
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FIG. 2: Experimental apparatus used to demonstrate the
probabilistic quantum encoding operation. The Bell-state re-
source pair was derived from a Shih-Alley parametric down-
conversion source [18], while the input qubit photon was de-
rived from a weak coherent state. Additional details are found
in the text.
the main polarizing beam splitter of the idealized quan-
tum encoder illustrated in Fig. 1. The input qubit’s
logical value could be specified by rotating the polariza-
tion state with half-wave plate λq. A variable delay in
the input qubit photon’s path was used to ensure that the
input qubit and the relevant member of the Bell state re-
source pair arrived at PBS-2 within their coherence times
[14, 15].
The gating detector was preceded by a polarization
analyzer (θ2) fixed at 45
o, as required by the measure-
ment condition of eq.(2). The additional detectors in the
output modes of the quantum encoder (D1 and D3) were
preceded by rotating analyzers that were used to measure
and verify the polarization state of the encoded output
for various examples of input qubit values. All three de-
tectors were preceded by interference filters (f) centered
at 780nm with a bandwidth of 10nm [16].
The three-fold coincident events of interest corre-
sponded to the detection of the two photons of the Bell
state resource pair, and a single photon from the weak
coherent state input qubit pulse. The largest source
of noise in the three-fold counting rate corresponded to
those cases in which one (or two) down-converted pho-
ton(s) triggered D3 while events at the other two detec-
tors were due to the small probability that the weak co-
herent state pulse actually contained two photons. Con-
sequently, there was a trade-off between increasing the
magnitude of the weak coherent state in an effort to in-
crease the overall valid three-photon detection rate, while
keeping it low enough to maintain the error contribution
at an insignificant level.
The optimal value for the magnitude of the weak co-
herent state was dictated by the percentage of detections
3at D3 that resulted in a detection of a second down-
conversion photon at one of the other two detectors. In
our setup this value was measured to be roughly 10%,
which was primarily due to inefficient coupling of the
down converted photons into fibers 2 and 3, limited de-
tection efficiency, and loss in the various optical compo-
nents and connectors [19]. The magnitude of the weak
coherent state was therefore adjusted so that the proba-
bility per pulse of detecting a single input qubit photon
was on the order of 10−3, which kept the ratio of error
events to valid three-photon events on the order of 10−2.
As a demonstration of the probabilistic quantum en-
coder, we accumulated data for several different logical
values of the input qubit. Fig. 3 shows the results ob-
tained with input qubit having the value of either |0〉 or
|1〉. The data clearly shows the expected encoding oper-
ations, |0〉 → |00〉 and |1〉 → |11〉. The results of these
basis-state examples only relied upon the reflection and
transmission properties of the beam splitters, and did not
critically depend on three-photon interference effects. As
a result, the relatively small errors in these results were
primarily due to minor beam splitter imperfections, im-
perfectly compensated birefringence in the optical fibers,
and asymmetric losses.
The data shown in Fig. 4 corresponds to the case
when the input qubit was chosen to be in the symmet-
ric superposition state 1√
2
(|0〉 + |1〉) (eg. 45o), in which
case the encoder is expected to produce the φ+ Bell state
1√
2
(|00〉+ |11〉) in its output. In addition to the technical
error sources mentioned above, the vanishing of the un-
wanted |01〉 and |10〉 cross-terms in this case did critically
depend on destructive three-photon interference effects.
In our experiment the visibility of these interference ef-
fects was typically in the range of 65 - 70% , and was pri-
marily limited by the use of relatively wide (10nm) band-
width interference filters [15, 16] to allow larger three-
photon counting rates. Consequently, although the data
shown in Fig. 4 does indicate that the encoded output
was in the φ+ Bell state, the results were insufficient for
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FIG. 3: Experimental results demonstrating the basis-state
encoding operations |0〉 → |00〉 (a), and |1〉 → |11〉 (b).
The data shows the number of three-fold detection events
per 1200 seconds for polarization analyzer settings of |θ1,θ3〉
corresponding to output states |00〉,|01〉, |10〉, and |11〉.
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FIG. 4: Experimental results obtained for the input qubit
value 1√
2
(|0〉 + |1〉) (eg. 45o), in which case the encoder is
expected to produce the entangled state 1√
2
(|00〉+ |11〉) in its
output. (a) shows results demonstrating the existence of the
|00〉 and |11〉 terms, and the suppression of the unwanted |01〉
and |10〉 terms due to destructive three-photon interference
effects. (b) demonstrates the coherence between the |00〉 and
|11〉 terms. The data shows the number of three-fold events
as a function of θ3, with the θ1 setting fixed at the logical
value 1√
2
(|0〉+ |1〉) (eg. 45o). The solid line is a sinusoidal fit
to the data, with a visibility of (66.0 ± 5.8 %). In both plots,
the data accumulation time was 1200 seconds per point.
an explicit violation of Bell’s inequalities [20].
Finally, an interesting feature of our experimental ap-
paratus was the ability to observe post-selected three-
photon Greenberger-Horne-Zeilinger (GHZ) correlations
[21]. It can be seen from equation (2) that if the input
qubit is in a symmetric superposition state (eg. α = β),
then the detection of exactly one photon by each of
the three detectors would post-select the entangled state
|ψGHZ〉 = 1√
2
(|000〉 + |111〉). This represents an exper-
imental realization of a polarization-based three-photon
entanglement scheme that was first proposed by Rarity
and Tapster [22]. In contrast to the original observa-
tions of GHZ correlations that used two down-conversion
photon pairs (see, for example [23]), the basic idea here
is to produce a three-photon entangled state using two
photons from a single down-conversion pair, and a third
photon from a weak coherent state.
Whereas the operation of the quantum encoder re-
quired the analyzer in front of the gating detector to be
fixed at 45o, the GHZ state of interest here could be re-
vealed by accumulating data at multiple settings of all
three analyzers. As a first test, we gathered data at the
eight combinations of basis-state analyzer settings needed
to verify the existence of only the |000〉 and |111〉 am-
plitudes, and the suppression of the six unwanted cross
terms (|001〉, |010〉...etc.). The measured ratio of desired
to undesired events in this case was roughly 19:1.
As a second test, data gathered with the analyzers set
to ±45o could be used to provide evidence that the |000〉
and |111〉 amplitudes were indeed in the coherent super-
position state |ψGHZ〉, rather than some statistical mix-
ture of these two terms. An example of these kinds of
measurements can be inferred from the data shown in
4Figure 4. Once again, the incomplete cancellation of
the cross terms in Figure 4(a), and the 66% visibility
(rather than 100% visibility) of the three-photon inter-
ference pattern in Figure 4(b) indicates some contamina-
tion of the ideal |ψGHZ〉 state due to experimental ineffi-
ciencies. Nonetheless, experiments of this kind could be
used in tests of quantum nonlocality through Bell-type
inequalities for more than two particles (see, for example,
[24]).
In summary, we have demonstrated a quantum en-
coder for single-photon qubits. Devices of this kind are
expected to have applications in linear optics quantum
gates [5] and various quantum communications proto-
cols [4]. For many of these applications, an efficient
photon number resolving detector [12] and a heralded
source of entangled photons [11] will be required. Al-
though the results presented here were obtained in the
coincidence basis instead, they still demonstrate the ba-
sic features of a quantum encoder. In addition, these
three-photon interference effects also demonstrated a new
source of polarization-based GHZ states in which two
photons were obtained from parametric down-conversion
while the third photon was post-selected from a weak
coherent state [22].
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